Mitochondria increase their outer and inner membrane permeability to solutes, protons and metabolites in response to a variety of extrinsic and intrinsic signaling events. The maintenance of cellular and intraorganelle ionic homeostasis, particularly for Ca 2+ , can determine cell survival or death. Mitochondrial death decision is centered on two processes: inner membrane permeabilization, such as that promoted by the mitochondrial permeability transition pore, formed across inner membranes when Ca 2+ reaches a critical threshold, and mitochondrial outer membrane permeabilization, in which the pro-apoptotic proteins BID, BAX, and BAK play active roles. Membrane permeabilization leads to the release of apoptogenic proteins: cytochrome c, apoptosisinducing factor, Smac/Diablo, HtrA2/Omi, and endonuclease G. Cytochrome c initiates the proteolytic activation of caspases, which in turn cleave hundreds of proteins to produce the morphological and biochemical changes of apoptosis. Voltage-dependent anion channel, cyclophilin D, adenine nucleotide translocase, and the pro-apoptotic proteins BID, BAX, and BAK may be part of the molecular composition of membrane pores leading to mitochondrial permeabilization, but this remains a central question to be resolved. Other transporting pores and channels, including the ceramide channel, the mitochondrial apoptosis-induced channel, as well as a non-specific outer membrane rupture may also be potential release pathways for these apoptogenic factors. In this review, we discuss the mechanistic models by which reactive oxygen species and caspases, via structural and conformational changes of membrane lipids and proteins, promote conditions for inner/outer membrane permeabilization, which may be followed by either opening of pores or a rupture of the outer mitochondrial membrane.
Introduction
Recent studies have identified, among the variety of ways by which cells have been reported to die, three major forms of cell death: apoptosis, necrosis and autophagy.
These forms of cell death may follow precise death programs that have been characterized at the morphological and biochemical level (1) . Apoptosis is a major mechanism for the removal and control of superfluous and damaged cells during development and normal J.E. Belizário et al.
www.bjournal.com.br adult life (1) . Research conducted over the past few years has provided evidence that diverse extracellular and intracellular signaling events within apoptosis converge toward mitochondria (2) (3) (4) (5) (6) (7) . In mitochondrially mediated apoptosis, inner and/or outer mitochondrial membranes undergo a permeabilization process that causes the release and redistribution of small ions, solutes and metabolites, as well as of cytochrome c, a 14-kDa protein that functions as an electron carrier in the mitochondrial respiratory chain. In mammals, cytochrome c is a necessary co-factor for activation of caspase-9, a member of the protease family that coordinates the biochemical and morphological events of apoptosis (1) (2) (3) (4) (5) (6) (7) .
It is presumed that cytochrome c and other apoptogenic factors, including Smac/ Diablo, HtrA2/Omi and apoptosis-inducing factor (AIF), are released as a result of the opening of large non-selective pores known as "permeability transition pores" (PTP) (1, 7) or through a proteolipid pore spanning only the outer mitochondrial membrane (2, 6) . In vitro and in vivo studies have demonstrated that cytoplasmic and mitochondrial protein complexes and the membrane lipid environment are involved in the formation and function of these putative pores. Proteins of the BCL-2 family with pro-apoptotic properties such as BID, BAX, and BAK may cooperate in the formation of these pores, together with the major mitochondrial voltage-dependent anion channel known as VDAC, adenylate nucleotide translocase (ANT) and cyclophilin D (Cyclo D). There is also evidence that the release of apoptogenic factors could occur through a putative channel named mitochondrial apoptosis-inducing channel or MAC (8) and through a large channel containing ceramide lipids, i.e., the ceramide channel (9) . A rupture of the outer mitochondrial membrane could also work as a pathway for the release of apoptogenic proteins (10) .
The formation of these pores in the inner and outer membrane depends on a variety of bioenergetic, membrane transport and redox conditions that ultimately lead to major changes in the structure of mitochondrial proteins and lipids. Reactive oxygen species (ROS) generated inside and outside the mitochondria are important promoters of chemical modification and conformational changes of membrane polypeptides and lipids (11, 12) . Caspases are cysteine proteases that play a central role in intracellular proteolytic pathways by inducing structural and functional changes in various vital proteins involved in apoptosis and various other nonapoptotic processes such as inflammation, cell cycle and differentiation (13, 14) . Various procaspases and active caspases, including -3, -7, -8, and -9, are localized in, or translocate to, mitochondria during apoptosis, perhaps controlling the permeabilization of this organelle (15) . More recently, the critical involvement of caspases in mitochondrially mediated apoptosis has been demonstrated using mice lacking caspase-3 and -7 (16) . The key concept in this model is that certain critical regulators located in the outer and inner mitochondrial membranes or within the matrix could act as caspase substrates. Thus, the point-specific cleavage of one site of substrate proteins could be a commitment step toward membrane permeabilization.
Reactive oxygen species-induced mitochondrial structural modifications and permeability transition pores
All mammals use O 2 for energy production (11, 12) . Oxidation is the loss of an electron by a substance. Under normal metabolic conditions, electron-transporting complexes I, II, III, and IV plus a non-redox H + -translocating complex, ATP synthase (also called complex V, F o F 1 -ATP synthase), together with co-enzyme Q and cytochrome c, carry out oxidative phosphorylation. Com-
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www.bjournal.com.br plex II is completely encoded by the nucleus, whereas complexes I, III and IV are encoded by nuclear and mitochondrial DNA. The respiratory enzyme complexes transfer electrons (H -→H + + 2e) from the reducing equivalents NADH or FADH 2 to O 2 , while transporting protons across the inner mitochondrial membrane. The total proton-motive force across the inner mitochondrial membrane is the sum of a large force derived from the mitochondrial membrane electrical potential (ρΨm) and a smaller force derived from the H + concentration gradient (∆pH). This proton-motive force is used to drive protons from the intermembrane space into the matrix through ATP synthase, a transmembrane protein complex that uses the energy of H + flow to synthesize ATP from ADP and Pi. This electrochemical proton gradient is also required to import mitochondrial proteins and to regulate metabolite transport across the mitochondrial membrane (11, 12) .
A small percentage of the total O 2 consumed by the mitochondrial electron transport chain in healthy tissues becomes ROS, such as superoxide (O 2 .-), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH -) (11, 12) . This ROS production occurs primarily in complex I (NADH dehydrogenase) and complex III (ubiquinone-cytochrome c reductase). O 2 itself is also a free radical because is has two unpaired electrons in its outer orbit which make it reactive. ways (13, 14, 22) . They are synthesized as pro-enzymes containing a prodomain of variable length that is attached to the enzymatic subunits. Upon proteolytic activation and release of the pro-domain, the subunits undergo a conformational change to form the active enzyme. Caspases can be classified into two groups: "initiator caspases" contain a large prodomain in contrast to "executioner caspases" which are characterized by a small prodomain. Initiator caspases harbor protein-protein interaction modules: the caspase recruitment domain (CARD) in caspases-1, -2, -4, -5, -9, -11, -12, and death effector domain in caspases-8 and -10. These motifs are characterized by the presence of six or seven anti-parallel amphipathic α-helices, which allow the recruitment of other signaling molecules or adaptor molecules in large protein complexes, thereby initiating apoptotic or inflammatory signaling pathways (13) . Caspase activation can occur secondarily to triggering the extrinsic or intrinsic pathways of apoptosis (1, 2) . The extrinsic pathway of apoptosis is triggered by cytokines in the CD95/Fas/APO-1, TNF and TRAIL families (13) upon their binding to membrane cell death receptors. An intracellular adaptor protein, called Fas-associated protein with a death domain or TNF receptor associated with a death domain then recruits the initiator procaspase-8, via its death effector domain, to a death-inducing signaling complex. This complex facilitates the processing and full activation of this enzyme that, in turn, promotes the cleavage of specific substrates and executioner caspase-3.
A pivotal event in the intrinsic pathway of apoptosis is the release of cytochrome c from the mitochondrial intermembrane space. Once into the cytosol, holo-cytochrome c (that is formed within mitochondria) readily associates with the C-terminal region of apoptotic protease-activating factor (Apaf-1) that contains 12-13 WD40 repeats. This interaction facilitates the binding of dATP with sensor proteins, activating the PTP (21) . The PTP is considered to function as the point of no return for both apoptosis and necrosis (20, 21) . Under a variety of experimental conditions, Ca 2+ is a powerful co-activator of PTP in response to oxidative stress (19, 21) . The opening and operation of PTP can be prevented by cyclosporine A, a cyclic peptide that binds to Cyclo D, its mitochondrial matrix molecular receptor. However, there are situations in which the inhibitory effect is partial, transient or null. In addition, several studies have shown that cyclosporines are non-selective inhibitors of seven transmembrane helix G protein-coupled receptors, plasma membrane ion channels and ABC transporters (7, 21) .
Despite extensive research in many laboratories, it has been difficult to isolate and identify the components of PTP, as well as the extent of contribution of ROS to its formation and operation (7, 20, 21) . Previous studies have suggested that PTP is a supramolecular complex which may contain or be regulated by ANT, VDAC, Cyclo D, and the peripheral benzodiazepine receptor (7, 21) . While in some pathways the transient opening of PTP is viewed as the first step to apoptosis, in many others, apoptosis can be independent of this process (2, (4) (5) (6) . Some investigators have also considered the possibility that the onset of PTP is associated with the transition from apoptosis to necrosis (20, 21) .
Caspase activation
Recent findings have provided a new framework for understanding the upstream and downstream events of mitochondrial dysfunction and the critical roles of proteins of the BCL-2 and caspase family in apoptosis (2, (4) (5) (6) .
Caspases constitute a family of evolutionarily conserved aspartate-specific cysteine-dependent proteases that have major roles in apoptotic and inflammatory path- Apaf-1 and exposes its N-terminal CARD, which can now oligomerize and form a procaspase-9-activating platform. The resulting oligomeric Apaf-1 complex is able to recruit several inactive procaspase-9 molecules through heterotypic CARD-CARD interactions to form the so-called apoptosome. The apoptosome then activates initiator caspases (13, 23) .
Cytoplasmic proteins named inhibitors of apoptosis prevent unintended caspase-9 activation (24). These proteins bind to and inhibit the newly generated active N terminus of caspase-9. This inhibition is relieved after the release of inhibitors of apoptosisantagonizing proteins Smac/Diablo and HtrA2/Omi from mitochondria (25, 28) . These two proteins work as second level regulators of the apoptotic process. Mitochondria also release two proteins that have DNA endonuclease activity: endonuclease G (Endo G) and the AIF, a 57-kDa flavoprotein (28) . Because of differences in size and shape as well the kinetics of diffusion, it is presumed that a distinct pore or even a rupture of the outer mitochondrial membrane allows for the release of these two proteins (25, 28) .
Activated caspases promote proteolytic cleavage of various vital proteins during apoptosis and non-apoptosis processes, which result in either activation or inactivation of their substrates (14, 15, 22) . Cleavage-induced activation can lead to differential regulation, stabilization, protein complex formation, and special localization for the protein or its fragments (22) . In some cases, a first cut by caspases unleashes additional cleavage sites for other proteases. In other cases, cleavage allows for structural changes and exposure of previously hidden structures (15) . More than 300 proteins have been characterized as caspase substrates (15) . Plasma membrane receptors and structural, regulatory cytosolic and nuclear proteins are preferred targets for executioner caspases such as caspase-3, -6, and -7 (15).
Mitochondrial outer membrane permeabilization by BCL-2 family proteins
BCL-2 family members are of particular interest among substrates that are activated by caspases during the two pathways of apoptosis (4,5). The BCL-2 family consists of multidomain members like BAX, BOK and BAK and the BH3-only group of pro-apoptotic members, including BID, BAD, BIK, and BIM. The anti-apoptotic members BCL-2 and BCLx L have 4 BH domains (BH1-4). All of these proteins have the ability to bind to membranes and form, predominantly under non-physiological conditions, ion-conducting channels in synthetic membranes (4, 5) .
Caspase-8 promotes the cleavage of BID to form its C-terminal truncation, tBID, which moves to the outer mitochondrial membrane and induces the permeabilization process named mitochondrial outer membrane permeabilization (MOMP) (2), allowing the formation of an outer membrane-spanning pore through which cytochrome c is released (4, 5) . Studies using BAX and BAK doubly deficient cells and knockout mice have shown that MOMP by BH3-only molecules such as BID and BIM requires BAX and BAK (2, (4) (5) (6) , each of which can form homo-oligomers and hetero-oligomers in the outer mitochondrial membrane (2, (4) (5) (6) .
The pro-survival proteins BCL-2 and BCL-x L prevent the release of cytochrome c from mitochondria induced by many apoptotic signals (4). It seems that BCL-2 may adapt or regulate mitochondrial homeostasis through a combination of different effects, including modulating the formation of ROS, intracellular acidification and proton fluxes in the mitochondria (3) . The ability to interact and sequester tBID away from BAX and BAK proteins has also being considered of fundamental importance for their pro-survival effects (4). Interestingly, BCL-2 and BCL-x L are also cleaved by caspases during apoptosis when the N-terminal BH4 domain J.E. Belizário et al.
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In healthy cells, several BCL-2 members, including BCL-2 and BCL-x L are inserted not only into the outer membrane of mitochondria but also into the endoplasmic reticulum (ER). Overexpression of BCL-2 reduces ER (Ca 2+ ) levels and this exerts a protective effect against some apoptotic responses (29). The pro-apoptotic members BAX and BAK promote Ca 2+ mobilization from the ER to mitochondria (29) . Thus, these proteins may operate as regulators of ER Ca 2+ concentrations and modulate the propagation of Ca 2+ waves into mitochondria (29) .
BCL-2 family proteins and voltagedependent anion channel activity
The most common pathway for the translocation of metabolites through the outer membrane under physiological conditions is the VDAC (30) (31) (32) . Three isoforms (VDAC1, VDAC2 and VDAC3) of molecular mass around 30 kDa have been identified in multicellular organisms (31) . The archetypal VDAC1 is a large diameter ß barrel structure composed of one α helix and 13 ß strands whose aqueous channel (2.5-3 nm) adopts multiple conductance states with special selectivity between cations and anions (30) . VDAC seems to serve as an important docking site for cytosolic mitochondrial intermembrane space and inner membrane proteins such as ANT, hexokinase, Cyclo D, creatine kinase, glycerol kinase, and the peripheral benzodiazepine receptor, as well as BCL-2 family proteins (30, 32) . However, caution should be exercised in considering the various reports of protein association with VDAC, given its large excess over other proteins in the outer mitochondrial membrane.
VDAC exists in an open configuration that permits the free exchange of most metabolites of molecular mass up to 5 kDa in size. At a voltage smaller than 30 mV, the pore has a diameter of 2. 4 -2 , succinate -2 , and other negatively charged molecules. Above 30 mV, the diameter decreases to ~1.8 nm, the conductance decreases to 2 nS and selectivity changes to cations. In this closed state, VDAC favors the flux of small cations such as Ca 2+ , K + , and Na + , but is impermeable to the respiratory substrates ATP and ADP (30) . It is important to mention that the VDAC conductance states measured in a planar lipid membrane system vary depending on the salt and lipid concentrations (30, 32) .
The idea that VDAC, ANT and Cyclo D are the core components of the permeability transition pore (33, 34) has been further explored recently using gene knockout and shRNA strategies (21) . Silencing VDAC1 expression diminished cell growth and mitochondrial ATP synthesis. On the other hand, the basic properties of the PTP did not change in VDAC1 -/ -mitochondria. Thus, the participation of VDAC in PTP composition remains an open question (35, 36) .
It is now becoming clearer how the BCL-2 family proteins interfere with the channel activity of VDAC in vitro and in vivo (3, 32) . Experiments with VDAC channels reconstituted into the lipid matrix demonstrated that anti-apoptotic BCL-x L promotes the maintenance of VDAC in a physiological open state (3, 32) . One study has shown that proapoptotic tBID induces VDAC closure, while BAX does not affect the conductance of this channel (32) . tBID could affect VDAC conductance indirectly through the lipid environment surrounding VDAC (32) and not through a direct physical interaction (33, 34) . VDAC in the closed state favors permeability to cations, like Ca 2+ , K + and Na + (30).
BCL-2 family proteins and the mitochondrial apoptosis-induced channel
Recent reports have suggested that a new Mitochondrial pores www.bjournal.com.br channel, known as MAC, is a pathway for cytochrome c release (8) . The pharmacological and electrophysiological properties of this channel have been reproduced in yeast and human cell models of apoptosis (37, 38) . The channel conductance (3.3 and 4.5 nS) was first detected by applying patch-clamp techniques to mitochondria isolated from hematopoietic FL5.12 cell lines, derived from WEHI-3B cells, upon withdrawal of IL-3, and reproduced in outer mitochondrial membranes of yeast expressing human BAX (37) . MAC electrophysiological activity is increased by BAX oligomerization in the outer membrane and is prevented by overexpression of BCL-2, but not by cyclosporin A (37) . More important, the addition of cytochrome c interferes with the largest conductance state of this voltage-dependent channel, estimated to be ~3.0-4.0 nm in diameter (37, 39) . The molecular identification of MAC has yet to be fully determined. Nonetheless, there is considerable evidence that oligomeric BAX/BAX, BAX/BAK or/and BAK/ BAK are components of MAC (8, 39) .
Mitochondrial membranes change their lipid composition under various apoptotic stimuli (1, 6) . Recently, a lipid channel composed of the lipid ceramide and named ceramide channel has also been implicated in apoptogenic factor release from mitochondria (9) . Ceramides differ from other lipids in that they can form intermolecular hydrogen bonds to produce columns of ceramide residues. Such columns form ceramide channels with multiple conductance states and capable of releasing proteins of up to 60 kDa (9). The specificity of such lipid channels is clearly very limited and, again, awaits convincing evidence for its real role during physiological apoptosis.
Role of caspases in early and delayed mitochondrial dysfunction
Caspases may be involved both in the earlier events of apoptosis, such as cytochrome c release, and in the delayed mitochondrial events that include loss of mitochondrial transmembrane potential and inhibition of electron flow in the respiratory chain (40) . Previous studies have shown that incubation of isolated mitochondria with recombinant human caspases promotes membrane permeabilization and the release of cytochrome c and Smac/Diablo into the cytosol (41, 42) . Uncleaved forms of caspase-2 efficiently insert into mitochondrial membranes and release cytochrome c bound to anionic phospholipid cardiolipin (42) . Similarly, caspase-3 enters the intermembrane space and cleaves the 75-kDa subunit (NDUF1) of complex I of the electron transport chain of isolated mitochondria (43) . Electron transport by complexes I and II is reduced by 88 and 94%, respectively. However, the treatment does not affect oxygen consumption by complex IV (43) . Interestingly, treatment with z-VAD-fmk, a pancaspase inhibitor, preserved electron transport chain functionality but failed to inhibit cytochrome c release. Additional studies on intact cells and isolated mitochondria have also shown that z-VAD-fmk was able to inhibit the release of Smac/Diablo, HtrA2/ Omi, AIF, and Endo G, but could not inhibit the release of cytochrome c (28). These results agree with a recent study (44) that used single cell analysis to show that cytochrome c release is independent of caspase-3 activity, but that active caspase-3 is required for the sustained loss of the mitochondrial transmembrane potential.
A recent study by Lakhani and colleagues (16) has extended the major controversies about the role of executioner caspases in mitochondrial homeostasis. These investigators generated double knockout mice for two highly related effector caspases, caspase-3 and -7. Embryonic fibroblasts and thymocytes derived from mice lacking both enzymes exhibited resistance to drugs that induce the intrinsic (mitochondrial) and extrinsic (membrane death receptor) pathways J.E. Belizário et al.
www.bjournal.com.br to apoptosis (16) . In all conditions studied, the cells displayed a pronounced delay in cytochrome c release and translocation of BAX to the outer membrane. The mitochondrial membrane potential was unaffected. Overall, the results of this study led the authors to conclude that caspase-3 and -7 are important mediators for mitochondrial events in apoptosis.
CD95 (Fas)-and TNF-mediated apoptosis occurs due to a cascade of morphological and biochemical events that include receptor membrane internalization, death-inducing signaling complex assembly and autoproteolytic cleavage of caspase-8 inside death-signaling vesicles (45) . Activated caspase-8 can either activate executioner caspase-3, or cleave BID, generating tBID, that moves to mitochondria, promoting cytochrome c release (45) . Increasing evidence now indicates that an increase of endocytic vacuoles is involved not only in receptor internalization (45) , but also in Golgi and mitochondrial intercommunication (46) . This provides further support for a model in which caspase-mediated cleavage of mitochondrial proteins could be involved in mitochondrial dysfunction and in the regulation of mitochondrially mediated cell death.
The search for new caspase substrates represents a remarkable challenge and depends largely on biochemical methods such as gel electrophoresis, chromatography and mass spectrometry. Usually, this work can take years. Thus, bioinformatic tools for a quickly search of internal cleavage sites in protein sequences represent an innovative approach. CaSPredictor is a software that uses a novel methodology for characterizing cleavage sites in protein sequences (47) . This program uses a scoring scheme that incorporates the position-dependent amino acid at the caspase-pentapeptide cleavage site and the position-independent proline (P), glutamic acid (E), serine (S), and threonine (T) (PEST) amino acids, Glu or Asp (D/E), Asn (N) and Glu (Q) at the right and left flanking of an aspartate residue within a 35-amino acid extension. Moreover, the algorithm uses a BLOSUM 62 substitution matrix to find biological similarity between amino acids not annotated in its database (47) . The prediction accuracy of CaSPredictor was estimated at 83%, as assessed by ROC analysis. In a large-scale analysis, we identified 1600 predicted caspase substrates with a score >0.57, with 60% sensitivity and 97% specificity (47) .
Given that most transport systems are involved in the translocation of ions, metabolites and proteins across mitochondrial compartments, our investigation attempted to identify those proteins in the ion channel family, ABC transporter families and the translocase in the inner (Tim) and outer (Tom) mitochondrial membrane family with potential cleavage sites for caspases (Table 1) . Some protein candidates are structurally and functionally linked to apoptosis via TNF receptor-associated protein, Fas-associated protein with a death domain and CARD. These observations raised unexplored possibilities that their cleavage may be relevant to diverse mitochondrial dysfunctions, including membrane permeabilization and pore formation, since some of them have the ability to bind and transport proteins across membranes.
The plasma membrane Ca 2+ pump (PMCA), Na + /Ca 2+ exchanger (NCX) and H + /Ca 2+ uniporter operate in Ca 2+ extrusion and control neuronal cell death (48, 49) . Proteolytic cleavage and inactivation of these plasma membrane proteins has been demonstrated in two neuronal cell death models induced by prolonged overstimulation of the glutamate receptor subtypes (NMDA and AMPA) that lead to Ca 2+ and Na + influx and overload in neurons (48, 49) . The AMPA receptor is an example of several receptor families that are regulated physiologically by caspases (50) . PMCA is cleaved and inactivated by caspases in neurons undergoing excitotoxicity (48 These proteins were identified in a large-scale analysis of 9800 human proteins using the CasPredictor software. Database available at http:// icb.usp.br/~farmaco/jose. Domains for caspase-protein substrate interactions are indicated in the table. No means that interaction domain has not been found. CARD = caspase recruitment domain; FADD = Fas-associated protein with a death domain: ICAD = inhibitor of caspase-activated Dnase; TRAF = TNF receptor-associated protein: v-FLIP = viral FLICE inhibitory protein.
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www.bjournal.com.br tant forms of human PMCA4 that lack the caspase cleavage site prevents the delayed rise of Ca 2+ or delayed Ca 2+ deregulation (48). Bano and colleagues (49) have also shown that both calpains and caspases can cleave NCX during excitotoxicity in neuronal cell lines. The broad-spectrum caspase inhibitor z-VAD-fmk moderately reduced the caspase-mediated cleavage of NCX3 and delayed Ca 2+ deregulation that causes necrotic cell death (49) . Therefore, caspases appear to be involved in the control of transmembrane Ca 2+ channels and pumps and indirectly in the increase of intracellular Ca 2+ pools that may precede the opening of mitochondrial death decision pores.
The superfamily of ATP-binding cassette (ABC) transporter proteins consists of efflux pumps that have important roles in transporting a diverse group of toxicants including lipophilic cationic, anionic, and neutrally charged drugs, peroxidation products and antigenic peptides (51, 52) . ABC transporters are localized in the plasma membrane, endoplasmic reticulum and in organelles, including peroxisomes and mitochondria. Five mammalian mitochondrial ABC transporters have been described based on the presence of mitochondrial targeting presequences (51, 52) . Members of this family are involved in the export of iron-sulfurcontaining proteins such as apoproteins from the mitochondrial matrix to the cytosol (51) . Deletions of mitochondrial ABC transporters disturb iron homeostasis and are lethal (53) . At present, one study (54) has shown that the proteolytic cleavage of ABCA1, a transmembrane transporter involved in cytosolic cholesterol efflux by calpain, increases its activity. An uncleavable form of ABCA1 displayed a 4-fold increase in the efflux of cholesterol, which prevented macrophage cell death due to cholesterol overload (54) . We noted that calpain and caspases have cleavage sites within the same PEST sequence (Table 1) . This raises the chance that both proteases could regulate the pumping activity of ABC transporters.
Mitochondrial chloride intracellular channel protein 4 (mtCLIC) belongs to a CLIC family of soluble globular proteins that can form ion channels in organelles and plasma membranes similar to bacterial toxins, annexins and BCL-x L (55) . It has been shown that mtCLIC protein 4 is up-regulated during the cell death response to cytotoxic agents and DNA damage. Overexpression of the mtCLIC gene is sufficient to induce keratinocyte cell death, which is associated with the expression of p53, loss of mitochondrial membrane potential and cytochrome c release (54) . More importantly, cell death is inhibited by z-VAD-fmk, a pancaspase inhibitor (55) .
The translocase of the inner (Tim complex) and outer (Tom complex) mitochondrial membranes is composed of large and small proteins that display an intrinsic capacity to bind and transfer polypeptides into mitochondrial compartments (56) . They contain water-filled pores that mediate translocation of proteins tagged with presequences that act as bipartite sorting signals. These Nterminal sorting signals form amphipathic helices with a hydrophobic and positively charged side. The sequences are first recognized by receptors and targeted to the protein-conducting channel (Tom proteins). This translocation mechanism depends on both ATP and the mitochondrial membrane potential (56) .
The role the Tim23 complex for translocation of AIF, Endo G, Smac/Diablo, and HtrA2/Omi into the intermembrane mitochondrial space has been demonstrated (56) . Furthermore, a study with yeast mitochondria has shown that perturbations of Tim23 conductance activity with synthetic peptides and specific antibodies cause matrix swelling and ultimately cytochrome c release (57) . Tim50 is a subunit of the Tim23 complex (56) . It has been demonstrated that clones of human cells and zebrafish embryos lacking the Tim50 gene undergo mitochondrial dys-Mitochondrial pores www.bjournal.com.br function and rapid apoptosis (58) . Tom20 and Tom22 have a negatively charged Nterminal region exposed to the cytosol that contains a putative cleavage site for caspases. This region coordinates the recognition and translocation of many nuclear proteins into mitochondria (58) . Interestingly, deletion of the Tom22 gene is lethal (56) . A complex of approximately 400 kDa containing Tom20, Tom40 and Tom70 operates in the translocation of apocytochrome c inside the intermembrane space, where it incorporates the heme co-factor and is released as holo-cytochrome c (56). The possible consequences of Tom22 cleavage by caspases are numerous. For example, it could interrupt cytochrome c import causing electron transport interruption. In conclusion, Tim/ Tom complexes appear to be interesting pathways for apoptogenic factor release. Future studies are needed to challenge this hypothesis and to test how caspases can affect protein translocation across mitochondrial membranes.
Outer membrane rupture and mitochondrial remodeling
The occurrence of swelling is common in the mitochondria of the cells committed to die, as a result of inner membrane permeability transition (20, 21) . Since the surface of the inner membrane is greater than the surface of the outer membrane, the swelling forces the expansion of the inner membrane to the cytoplasm, causing the outer membrane to rupture (10). Korsmeyer's group has also described the morphological features of degenerating mitochondria treated with tBID and crista ultrastructural remodeling using high-voltage electron microscopy and tomography (59) . The authors proposed that tBID is necessary for mitochondrial remodeling and further mobilization of cytochrome c (~85%) that is retained in mitochondrial crista stores. Based on their crista remodeling, the mitochondria were classified as class I (normal) or class II, III, and IV (59) . Class II mitochondria with highly interconnected and condensed cristae occur after 2-5 min in cells treated with tBID, TNF and Fas and several intrinsic death stimuli including thapsigargin, tunicamycin and brefeldin A (59). Class III mitochondria are swollen and their outer membrane are ruptured. This is comparable to the type II mitochondrial profile described by Sesso and colleagues (10) .
Finally, fusion and fission (division) are two morphologically and physiologically opposite processes within mitochondrial dynamics. It has been demonstrated that perturbations in these processes result in mitochondrial outer membrane permeabilization and release of apoptogenic factors and apoptosis (60) . Cytosolic GTPases of the dynamin family, optic atrophy 1 and mitofusins 1 and 2, are required for mitochondrial fusion, while dynamin-related protein 1 and Fis1 are required for mitochondrial fission (60) .
The present overview suggests that numerous biomolecules that are produced by biochemical and bioenergetic reactions inside and outside the mitochondria, and regulators and effectors of apoptosis play a role in the coordination of events involved in mitochondrial membrane permeabilization and the release of cytochrome c, Smac/ Diablo, HtrA2/Omi and AIF. An integrated model is depicted in Figure 1 . Permeabilization of the inner or outer membrane must be accompanied by exchange of cations, like Ca 2+ , K + , and Na + , and metabolites that have an important impact on mitochondrial volume, bioenergetic reactions and the mitochondrial membrane potential. The opening and release of apoptogenic proteins occur via one of the death decision pores, namely the PTP formed in the inner mitochondrial membrane or a proteolipid pore formed by the MOMP. The molecular components of PTP and MOMP pore are variable or remain to be determined. However, cytosolic and mitochondrial proteins, including VDAC,
www.bjournal.com.br ANT and pro-apoptotic proteins tBID, BAX and BAK, may participate in their assembly and operation. The MAC and a ceramide lipid pore may also be involved in the release of the apoptogenic factors. Nonetheless, the simple possibility that apoptogenic factor release occurs through a nonspecific mitochondrial outer membrane rupture also remains valid. Our understanding of the critical role of caspases in mitochondrial dysfunction is based on the experiments using recombinant caspases, their peptide inhibitors and mice deficient in both caspase-3 and caspase-7. Few components of the mitochondrial machinery have been described as caspase substrates. One study has shown that caspase-3 can enter the mitochondria and cleave NDUF1, a component of complex I of the respiratory chain. It remains unclear how a cytosolic protease can cross both mitochondrial membranes to cleave a matrix-exposed subunit embedded within complex I. However, biochemical analysis has demonstrated that pro-caspase and active caspase (-3, -7, -8, and -9) can partially co-localize in the outer membrane or are released into mitochondria via "death signaling vesicles" stimulated by TNF and CD95/Fas (45, 46) . In this scenario, it may be possible that caspases, especially the apical Figure 1 . Schematic representation of mitochondrial death decision pores with the biochemical ability to promote the inner and outer mitochondrial membrane permeabilization and the release of apoptogenic factors: cytochrome c, apoptosis-inducing factor, Smac/Diablo, HtrA2/Omi, and endonuclease G. The four-channel/pore-forming complexes described are: I) a large conductance pore-forming complex, named permeability transition pore (PTP) that is formed in the inner mitochondrial membrane in response to radical oxygen species overproduction during bioenergetic reactions and Ca 2+ overload; II) a proteolipid pore formed in response to outer mitochondrial membrane permeabilization caused by oligomerized forms of BAX and BAK after their activation by tBID and named mitochondrial apoptosis-inducing channel (MAC); III) a lipid channel formed by the lipid ceramide, and IV) voltage-dependent anion channel (VDAC). Outer membrane rupture could also act as an alternative route for apoptogenic factor release. Various components of the channel-and pore-forming subunits may be cleaved by caspases (see Table 1 ). Their cleavage might cause changes in their structural organization and a switch to a nonspecific channel or pore with different conductance or selectivity, or turn off the channel or transport system. The validity of this mechanistic model needs to be examined experimentally.
ones, gain access to mitochondria via alteration in endocytic traffic. Using a computational program, we found that some members of cytoplasmic and mitochondrial ABC transporters and regulatory components of Tim and Tom complexes as well as some subunits of the plasma membrane and mitochondrial membrane channels for Cl -and K + and Ca 2+ are potential caspase substrates. Their cleavage could cause changes in their structure and the switch to a nonspecific channel or pore with different conductance, selectivity or functional state. The validity of this mechanistic model needs to be examined experimentally. Future studies for the characterization of the molecular components and of the mechanistic basis by which the mitochondrial death decision pores operate will certainly help the design of new therapies to amplify or block the release of apoptogenic factors.
